Phosphonylation of kojic acid has been achieved using inorganic diphosphonate (DP) in aqueous solution. The optimum condition for the phosphonylation of kojic acid with DP is kojic acid : DP = 0.1 mol/L : 0.5 mol/L, pH 9 and 25 ºC. 2-Phosphonylmethyl-kojic acid was synthesized with the yield of 45 %. The reaction mechanism of kojic acid with DP was discussed. We have successfully introduced the phosphonate group in kojic acid. Phosphonylated kojic acid is expected that the permeability of kojic acid into the skin will be increased by introducing a phosphonate group.
INTRODUCTION
Since transdermal administration introduces a drug through the skin, there is no degradation in the stomach or intestine unlike oral administration, and it is actively performed. However, since skin has a function as a protective wall for the body, various attempts [1] [2] [3] have been made to promote skin penetration. The stratum corneum, which is the outermost layer of the skin, is composed of lipids, and fat-soluble components can easily pass through the skin. In addition, it has been reported that a combination of an oily base and a water-soluble drug has the highest absorbability in the skin 4, 5 .
5-Hydroxy-2-(hydroxymethyl)-4H-pyran-4-one (Kojic acid : KA) was discovered in Japan in 1907 and its chemical structure was determined in 1924 6 . After that, it was reported that it has chelating ability with metals 7 and antibacterial action 8 , but industrially promising uses were not found and were not used much. In recent years, KA has been used actively because it has been found to have functions such as an antioxidant effect 9 and a whitening effect 10 . In this study, therefore, in order to improve the water solubility of KA, a phosphonate group was introduced. Then, we expected to promote skin permeability by combining with oily base.
We have found to phosphonylate compounds with hydroxyl groups under mild conditions in aqueous solution by inorganic phosphonylation agents. As shown in Fig. 1 , disodium diphosphonate, Na2P2H2O5 (DP) is diphosphonate has +3 phosphorus, and thus this compound contains the P(III)-H bond. DP has been used for phosphonylating agent since Blaser and Worm 11 produced it in 1961. Because of its unique structure, biologically important compounds having a hydroxyl group can be phosphonylated by DP. Baba et al. reported the phosphonylation of nucleoside 5'-monophosphate 12 and nucleoside 5'-diphosphate 13 with DP to form H-phosphonate analogues of 5'-ADP and 5'-ATP. More recently, our group studied the phosphonylation of salicin with DP 14 . Also, the phosphonylation reactions were proceeded in aqueous solution by one-step.
Therefore, we focused on KA with hydroxyl group aiming whitening ingredients.
In this study, we examined the phosphonylation reaction of KA and DP to synthesize a novel KA containing phosphonate groups. 
EXPERIMENTAL

Materials and methods
Disodium diphosphonate (Na2P2H2O5, DP) was prepared according to the previous paper 15 . Kojic acid and other reagents were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).
HPLC analysis was performed on a GL Science GL-7480 system (GL Science, Tokyo, Japan), using a Cosmosil HILLIC column (250×4.6 mm i.d., 5 m, Nakarai Tesque, Inc., Kyoto, Japan) maintained at 40 °C.
Isocratic elution using a 70:30 (v/v) acetonitrile/citrate buffer solution (pH 7) was employed at a flow rate of 0.25 mL/min with UV detection at 254 nm. The amount of sample injected was 50 L. The system control, data collection, and data analysis were carried out by EZChrom Elite Chromatography data system (Version 3. 1. 7J, Scientific Software Inc., Pleasanton of California, USA). 31 P NMR spectra with and without broad band 1 H decoupling and 31 P-1 H heteronuclear multiple bond correlation spectroscopy (HMBC), and 1 H-1 H correlation spectroscopy (COSY) 2D NMR spectra were obtained with a Bruker Ascend 600 MHz NMR spectrometer (Billerica of Massachusetts, USA) using 85 % H3PO4 solution in D2O as an external standard.
Electrospray ionization mass spectrometry (ESI-MS) was performed using a Thermo Scientific E xa ct i v e TM m a s s sp e ct r om et er ( Thermo Fisher Scientific, Commonwealth of Massachusetts, USA).
T h e m a s s s p ec t r o m e t e r w a s o p er at ed i n a n eg at i v e -i o n m od e.
RESULTS AND DISCUSSION
Reaction of  with DP
The phosphonylation of KA with DP was performed in aqueous solution. Figure 2 shows the HPLC profiles for the reaction solution of KA (0.1 mol/L) and DP (0.5 mol/L) incubated at pH 9 at 40 ºC.
The peaks at a retention time of about 10 min increased gradually with reaction time, predicting the phosphonylated product of KA. From the results of NMR and MS data as described later, the peak at 10 min was found to be 2-phosphonyl-KA (product) and the peak at 12 min was by-product. The peak of by-product was only detected early stage. Although by-product could not be identified only by HPLC, it would be found to be diphosphonate derivative of KA 14 . The other chromatographic peak at 7.5 min was assigned to KA.
The yield of 2-phosphonylmethyl-KA increased gradually with reaction time to reach the maximum of 33 % after 8 At a molar ratio of KA : DP = 0.1 mol/L : 0.5 mol/L and 40 ºC, the yield of product was 13.3 % at pH 7, 27.2 % at pH 8, 32.7 % at pH 9, 34.6 % at pH 10 and 34.8 % at pH 11. Although the yield of 2-phosphonylmethyl-KA improved as the pH increased, at high basicity such as pH 10 and 11, the product was decomposed rapidly. Therefore, pH 9 is preferable.
At a molar ratio of KA : DP = 0.1 mol/L : 0.5 mol/L and pH 9, the yield of product was 44.4 % at 10 ºC, 45.1 % at 25 ºC, and 32.7 % at 40 ºC. As the temperature increases, the reaction rate increases, but the decomposition rate also increases. Therefore, preferable temperature is 25 ºC.
Consequently, the optimum condition for the phosphonylation of KA with DP is KA : DP = 0.1 mol/L : 0.5 mol/L, pH 9 and 25 ºC. The procedure for the isolation of 2-phosphonylmethyl-KA 2-Phosphonylmethyl-KA was synthesized by dissolving KA (0.1421 g, 0.5 mol/L) and DP (0.9497 g, 0.5 mol/L) in H2O (20 mL) at 40 ºC, and adjusting the solution to pH 11 by adding 6 M NaOH solution. After seven days, the yield of the 2-phosphonylmethyl-KA due to the peak at 10 min by HPLC was 26 %. Then the reaction solution was adjusted to pH 7. Although the phosphonylated KA undergo hydrolysis to KA and phosphonate with the passage of time at 40 ºC and high pH, it is stable at pH 7.
The separation of product was accomplished by column chromatography on a 3×45 cm column filled with Wakosil 40C18 resin (30-50 m, spherical form), using a 10:90 (v/v) methanol/H2O mobile phase. Fractions of 5 mL were collected during the elution process, and those fractions obtained during the volume range of 75 to 90 mL (during which the products were obtained) were analyzed via HPLC. Then, each fraction was evaporated to about 10 mL in volume by cold trap, and then further concentrated via freeze-drying.
A portion of the product thus obtained was dissolved in D2O for HPLC, 1 H-and 31 P-NMR measurements. The ESI-MS spectrum of product showed a peak at m/z 205.998 corresponding to the molecular ions of 2-phosphonylmethyl-KA. 
Assignment of 2-phosphonylmethyl-KA
To identify the 2-phosphonylmethyl-KA in the phosphonylation of KA with DP, the isolation procedure as described above was achieved. As shown in Fig. 3b , the 31 P NMR spectrum with 1 H decoupling showed a singlet at 6.23 ppm, which became doublet of triplet on 1 H non-decoupling (Fig.  3a) . It indicates that phosphonylation occurs in places affected by two protons 16 . That is, it was presumed that it occurred not on 5-hydroxy group but on 2-hydroxymethyl group of KA. A singlet at 3.11 ppm (Figures 3b and 3c ) is assigned to phosphonate (P III ). Therefore, acetone was added to try to remove P III . Fig. 5c shows 31 P NMR spectrum with 1 H decoupling after adding acetone. The peak height of P III decreased and that of product increased, however, P III still remained. measured. Three correlations of P at 6.23 ppm of product and 1 H signal at 7.30, 6.23, and 4.71 ppm were observed. The singlets at 7.30 and 6.23 ppm could be assigned to the hydrogen atom attached directly to a phosphorus atom 17 . The multiplet at 4.71 ppm was assigned two protons of 2-hydroxymethyl. Furthermore, since there were no peaks correspond to KA in the 1 H NMR data, it could be seen that KA as the raw material was removed by isolation. Reaction mechanism of KA with DP The reaction of KA with DP may be explained by the following mechanism. DP consists of phosphorus and oxygen atom.
Since the electronegativity of oxygen atom is higher than phosphorus atom, the electron pair is attacked to the oxygen atom and the electron density of phosphorus atom becomes smaller and becomes P δ+ . At pH 11, P δ+ is easily attacked by nucleophilic reagents such as hydroxyl group of inosine 16 .
In the present study, the lone electron pair on the hydroxymethyl group of KA nucleophilically attacks a phosphorus atom of DP to give 2-phosphonylmethyl-KA.
The 2-hydroxymethyl group of KA was phosphonylated selectively. Why hydroxyl group of 5-position did not react? For the derivatives introduced with substituents at positions 2 and 5 of KA, the effect of those tyrosinase inhibitory activity were investigated 18 . The substituents at position 2 showed the tyrosinase inhibitory activity, whereas that at position 5 did not show inhibitory activity. Therefore, the tyrosinase inhibitory activity of KA was suggested that the hydroxyl group at position 5 played an important role. The 2-hydroxymethyl group of KA is expected to be easily inferred to have the activity of the tyrosinase inhibitory activity. In the future, phosphonate will be removed and tyrosinase inhibitory activity of 2-phophonylmethyl-KA would be tested and reported.
SCHEME 1 Reaction of KA with DP
Conclusion
In the reaction of KA with DP, 2-phophonylmethyl-KA was synthesized in the yield of 45 %. The purity of 2-phophonylmethyl-KA was determined to be 95% from HPLC. However, it is difficult to remove phosphonate.
We have successfully introduced the phosphonate group in KA.
This result suggests that phosphonylated KA is expected that the permeability of KA into the skin will be increased by introducing a phosphate group.
